Contributions from the Breit interaction in atomic-structure calculations possibly explain the previously reported 2.5σ deviation from the Standard Typeset using REVT E X 1
Atomic parity-nonconserving (PNC) experiments combined with accurate atomic structure calculations provide powerful constraints on "new physics" beyond the Standard Model of elementary particles [1] . Compared to high-energy experiments or low-energy scattering experiments, atomic single-isotope PNC measurements are uniquely sensitive to new isovector heavy physics [2] . Presently, the PNC effect in atoms has been most precisely measured by Wieman and co-workers using 133 Cs [3] . In 1999, Bennett and Wieman [4] updated the value of the Cs weak charge by measuring a supporting quantity, the vector transition polarizability β, and by re-evaluating the precision of atomic structure calculations [5, 6] from the early 1990s. The determined weak charge [4] differed from the prediction [7] of the Standard
Model by 2.5 standard deviations (σ). The value of the 133 Cs weak charge from Ref. [4] (together with other precision electroweak observables) has been employed in numerous articles. In particular, recent theoretical investigations [8, 9] interpret this 2.5σ deviation as possible evidence for extra neutral vector Z-bosons.
The main focus of the two previous ab initio relativistic calculations for the atomic structure of 133 Cs [5, 6] was the correlation contribution from the residual Coulomb interaction (i.e., beyond Dirac-Hartree-Fock level). In both calculations important chains of many-body diagrams were summed to all orders of perturbation theory. Here, these results will be referred to as "all-order Coulomb-correlated" values. The purpose of the present work is to evaluate rigorously contributions from the Breit interaction to PNC in 133 Cs. The previous calculations either omitted such contributions [6] , or evaluated them only partially [5] . It is found that the Breit contribution corrects the derived weak charge by 0.9%, reducing the 2.5σ deviation from the Standard Model to 1.2σ. Including a correction for the neutron density distribution in the 133 Cs nucleus further reduces the deviation to 1.0σ. Thus the result reported here brings the most accurate atomic PNC measurement to date [3] into substantial agreement with the Standard Model.
The Breit interaction [10] arises due to an exchange of transverse photons between electrons. Its low-frequency limit is given by
As emphasized by Lindroth et al. [11] small additional frequency-dependent contributions should be treated together with field-theoretical effects; such effects seem to be beyond the accuracy of modern atomic structure calculations for many-electron systems. It is convenient to separate the second-quantized Breit interaction into zero-, one-, and two-body parts normally ordered with respect to the core:
The parity-nonconserving amplitude for the 6S 
Here D [12] and H W are electric-dipole and weak interaction matrix elements, and E i are atomic energy levels. It is convenient to break the total Breit correction δE PNC into three distinct parts due to corrections in the weak interaction and dipole matrix elements, and energy denominators, respectively
The overwhelming contribution from parity-violating interactions arises from the Hamiltonian
where G F is the Fermi constant, γ 5 is the Dirac matrix, and ρ nuc (r) is the neutron density distribution. To be consistent with the previous calculations the ρ nuc (r) is taken to be a proton Fermi distribution employed in Ref. [5] . The slight difference between the neutron and proton distributions will be addressed in the conclusion. The PNC amplitude is expressed in units of 10 −11 i|e|a 0 (−Q W /N), where N = 78 is the number of neutrons in the nucleus of 133 Cs. In these units the results of past calculations for 133 Cs are E PNC = −0.905, Ref. [5] , and E PNC = −0.908, Ref. [6] . The former value includes a partial Breit contribution +0.002, and the latter includes none. The reference many-body Coulomb-correlated amplitude
is determined as an average, with the partial Breit contribution removed from the value of Ref. [5] .
Hartree-Fock analysis-Before proceeding to the correlated calculations discussed in the second part of this work, it is worth examining the Breit contribution to the PNC amplitude at the lowest-order level. The conventional Dirac-Hartree-Fock (DHF) equation reads 
Compared to the DHF equations, energies, wave-functions, and the Hartree-Fock potential are modified, as designated by tildes. This self-consistent BDHF approximation was used by Lindroth et al. [11] and a related iterative analysis was considered by Johnson et al. [13] .
Both papers point out the importance of the "relaxation" effect, which leads to modification of the Hartree-Fock potential through adjustment of core orbitals. In the present work, the relaxation effect is taken into account automatically by direct integration of Eq. (6). 
E PNC (δE) = −0.0019 (−0.28%) .
The sum of these three terms leads to δE PNC = 0.0023 in agreement with the 0.002 correction found by Blundell et al. [5, 14] With further examination of the modifications of individual uncorrelated matrix elements presented in Table I , one notices the following.
(i) Weak interaction matrix elements are each reduced in absolute value by 0.3%, which is directly reflected in a 0.3% correction to the PNC amplitude.
(ii) Modification of dipole amplitudes is strongly nonuniform. There are substantial corrections only to the 6S 1/2 − 7P 1/2 (0.5%) and 7S 1/2 − 6P 1/2 (0.1%) matrix elements. The large 0.5% Breit correction to 6S 1/2 |D|7P 1/2 provides partial resolution to a long-standing 1.5% discrepancy of spectroscopic experiment [15] and ab initio calculations [16] [17] [18] . The relatively large Breit correction is caused both by an accidentally small matrix element and by admixture into 6S 1/2 |D|7P 1/2 from a 30 times larger 7S 1/2 − 7P 1/2 matrix element.
(iii) The largest modification in the energy denominators is 0.1% for E 7S − E 6P ; however, this leads to a 0.3% correction E PNC (δE is increased by a factor of 1.8 by correlations due to residual Coulomb interactions. It will be shown that the correlations are also important for a proper description of the Breit corrections.
The major correlation effects in atoms appear because of shielding of externally applied (e.g., electric) fields by core electrons and an additional attraction of the valence electron by an induced dipole moment of the core [20] . The former effect is described by contributions beginning at second order and the latter in third order of many-body perturbation theory (MBPT). Since these two effects lead to the dominant contributions in Coulomb-correlated calculations, the third-order analysis reported here seems sufficient [21] .
MBPT calculations were performed with the two-body Breit interaction B (2) treated on equal footing with the residual Coulomb interaction. Sample many-body diagrams are presented in Fig. 1 . To treat the one-body contribution B (1) , an extension of the B-spline basis set technique [22] was developed, based on the Breit-Dirac-Hartree-Fock (BDHF) equation (6). Such a formulation made it possible to handle B (1) and the associated relaxation effect exactly. Contributions of negative-energy states, discussed for example in Ref. [23] ,
were also included and found to be relatively small [24] . Two series of third-order calculations were performed, first with the Breit and Coulomb interactions fully included using the BDHF basis set, and second in the DHF basis set without the Breit interaction and negative-energy states. The obtained differences are the Breit corrections reported in Table I.
Breit corrections to 133 Cs hyperfine-structure magnetic-dipole constants A are discussed first, since these were considered in the literature previously. The correction to hyperfine constants is very sensitive to correlations: e.g., Ref. [17] found a numerically insignificant modification for A 6S , while Ref. [18, 24] determined the modification to be large (-4. where the discrepancy becomes 0.5%.
Examination of the third-order corrections listed in Table I To further improve the accuracy of the calculation, one can combine all-order Coulombcorrelated matrix elements and experimental energy denominators tabulated in Ref. [5] with the present third-order Breit corrections. The results are:
The Breit correction in energy-denominators E PNC (δE) was set to zero because the experimental energies were extensively used in Ref. [6, 5] . For example, the experimental energies were employed in eight out of ten test cases in the scatter analysis of Ref. [5] . The total 0.9% Breit correction, δE PNC = 0.0084, is two times larger than the corresponding lowest-order modification, which is rather common in conventional Coulomb-correlated calculations. It is worth noting that an even larger 2% Breit correction was found in related calculations of the electric-dipole-moment (EDM) enhancement factor in thallium [11] .
Discussion -Combining the calculated 0.9% Breit correction with the reference Coulomb-correlated value, Eq.(4), one obtains the parity-nonconserving amplitude
A 0.4% theoretical uncertainty, mostly associated with higher-order Coulomb contributions, is assigned to the above result following the analysis of Ref. [4] . [20] .
